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Al)strad

obscrvat,io]w  d total  solar irradia]lcc fmn s]mcc witliill  tllc last two dccadcs co]willccd

t,l]c skq)tics  that  total  imadiallcc  varies mm a wide rallgc of ]Jcrioclicit,ics:  from ~l]inutcs

to tlw 11-year solar activity cycle. Allalyscs basal o]) these S]MX-I)OH]C  obscrvatio]]s  have

dcnmnstratd  that  the irrad iancc variations arc d ircct ly related tc) dlangm at tlw ] hoto-’

SIJICIW and tJIC solar interior. It, has lmII slmwII tll]at tlw 1oIIP,-W1I1 irradia]lcc dlall~,cs  over

t,l Ic solar cycle rc]mscnt  ma] lu]l]i]msity  c.l Ial Igcs. ‘J’l]mrctica] co]lsi(l(:latjio]]s”  aII(l Inod-

cling Ciltntls  i]ldicatc  Llmt irradia]lcc IIlodds lms(xl OII tl)c sul fam IIla]lifcstlatic)]ls  of’ solar

]Ilag;l]ctic  activit,y  arc lid] suflicic  IA to cxj)lail]  all t}Ic asjwcts of tlw olmnwd  imdial)cc

variations. Glolml  dl’kts,  sucl I as cl IangI,cs in tl]c solar dia]llckr , sllrfacc tcml)crat,llrc,  tllc

difl[mnltlial  rot)atio]l ill tllc Sun’s il]tcrior, solar dyIIal IIo ]Ilagylctic  fidds llww t)llc botjto]n

of Illlc convcct,ivc zoI IC , wld large  S(YL](!  couvcdivc  cells IIIay also ])roducc  variations in

total irradia]tcc. ‘J’}Jcsc results uII(lmxcoIxI  t)Ic i]]]])ortal]cc  of s]mcc irradiallcc mo]litoring

])rograIIIs  a]ld dc]no]lstratc  tl]at lligll  ])1 ccisio]l  a]ld acc~]r:itc  irriidial]cc olmrvations  am

il~cvital)]c  t,c) study tlIc cli]natc  rcs])olIsc to so]al v:iriat)ilitjj~.

‘I’l Ic accuIatc  knowledge of tll]c da] raditit,ion  reccild I)y t II(I l’;artll a]ld its tmn]x)ral variatjimls

is mitlical for all unclcrstandi~]g  of tlllc  mlc of solar varial)i]ity  ill cli]nate clla~lgcs  and tlllc dimat(c

rcsj)onsc  to increasing greenhouse gas corlcel)t~at)io]]s.  ‘J’])(I va]l]c of tl]c int cgratcd  solar  energy

flux over tl]c entire  s]~cct}ru]n, hc]ice total  irraciia]lcc, ar r iv ing  at, tllc to]) of t,]]c tcrrcstria]

atmosl)llcrc at the mean Sun-1’Jartll distallcc  is called  %olar cmlstallt”. ‘]’hc conccl)t of the solar

collsta]lt was introduced in the last cclltury. ‘J’l)c first, IIleaslllclll(’]lts  of tllc direct  solar radiatic)]]

were ]mrformcd by l)ouillet  i]] 1837. Co]ltjilluous obscrwitional ])rograrns  of total  solar irradia~lcc

to dctjcd  its variability started as early as tlhc l)cgi]lllillg of this cc~ltlurj’  at the Smitllsonial]

lnstitutc;  first fro]n l]ip;ll  altitude lnoulltjain  sLations, latm 011 frmn balloons and aircraft,. ‘1’llc

first attempts  to lncasurc  total irradiancc  outside of t}lc tcmstlrial  atl]nosl)hcm were made in
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t])c sixties frolll rockets and t llc i14a1i11cr  sl)acc l)rol)cs. 110WCVC], tlllcsc  early mcasurmncntls

were i]lcmlclusivc  a]]d could Ilot m’cal  real so]a] cllal)gcs  ill total  iwadiancc  bccausc of tllc lack
.

of suflicim)t radiol))ctric  l)rccisioll  and tl]c sclcdivc  al)sor})tiol) d tile lmrcshia] a~lnosl)llcrc  [1 ].

\ Collsidcraldc  il]ll)l{)~’c:~]lcl]t  ill radio~nctry  took place in the sixties, W1]CN a I]CW g;cncratiml

d ladimnctcrs,  tllc so-called dcctrically sdf-calibratillg  active cavity raclicmdms,  were clcvcl-

olm] ill various U.S. aIId lh]ro))caI) illstlitutions [2,3,4,5]. ‘J’llcs(: ll(!\\r acli[)lIlct(!rsa  ~{:ca~~aljlc[)f

lllcas~lril]~,  total  solar irra(liallcc wit]] all alxdutc  accuracy of + 0.2(%, tllc ~nwcisioll  of’tllc ~llca-

SIIICIIIr  IIt S, II(nvcvcr,  is II IIICl I l]i~;l)cl.  l]) addit,ioll  to tllc significant ill]l)lc)vc:ll)c~ltl  ill radiolllctl.<y,

l[)llp,-t(\llllf  lip,l]t()l  )l)()ltlllliti( 'sfl()l1l v2ili()11ss  atlcllitcl)  latlf()llllslla  \'clrla(l(:itl) C)ssil)l(!t()~ ~lollitor

total  sola] ina(liallcc  almvc tllc l~artll’s atlllosl)llcrc since tl]c latlc smwntics.

IIradiallcc  Ol)S(!l’ViltiOIIS  l)mforlncd fro]]] sl)acc witllill  tfllc last two dccadcs cstal)lishcd  coll-

clusil’c]y tl]at  tllc valllc  of t)l]c solar collstjallt  is IIot constalltl  and tlllc variatio~]s  ill total so lar.

il’1’il(liilll(:(!  fl’olll (1:1)’S to )’(’:11’S al’(:  dircct)ly H!latd to cllallgcs  at t h e  l)l]otlosl)llmc [111(1 ill tllc

solar illt,crior  [(j,7,8]. .p\ltjll OUgl I tll]c cxist,cvlcc of’]) ossib]c global clla]l~;cs  basal OII tllc Cllangi])p;

solar out])ut,  llil(l  l)ccIl doubtlcd  a]]d dcbatd  for a long time, tllc results  of various sl)acc cx-

]Wril]lcllt,s  for lllo]]itc)]i]lgtlotf:ll  i]lacli:illc(:[)j)c]lccl all exciting ncw ma in botlt atl]los])]]{:licar]cl

solar ])l]ysics. OIIC of t}lc ]nail] illtmcstls is to rcco]lstruct,  solar inadia]]cc  dlangcs  l)ack to the

til]](~oftlle  A4aulldm hlinif])ulr] (1645 1705), whcII t h e  ul]cxcc])tio])allylo~t’  ]]l:ig]]ctic act,i\’itJy

of’  tllc Su]l  \\~i]s  accomlmllicd  wit,ll  a cold ~miod ill lhro]m and tllc Atlantic  rcgic)ll,  kllowll  as

l,ittlc ICC Ap,m [9,10]. 1]] addit,iol]  to tllc clilnatc  i~nplication  of total  irradial]cc  variatio]ls,  tl]c

olmlvatio)l  al](l  illtt’11)]~’tiltioll  of total irradiancc  varial)i]ity have also lcd to Ilcw ways of u]l -

dcrstalldillg  of tllc structure and tllc dyllalllics oftllc  SUII o]] a global  scale. ‘1’hc ultimatcgoal

is to ullcovm I1OJY aIld \vl)y the Sun is Cl]anging on human times scales ill order to rcconstrud

and l)rcdic.t tllc sol:ll-ill(lllc.(:(1  clilnat)c c.llallgm..
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2 Variations Observed in Total Solar 1 madiance

. ‘J’he tilllc series of various space olmrvatio]]s  of total  solar irradiallcc  arc l)lottcd ill l“i~;.  1,

wllicll has been ~nmidcd  by the SO}lO/Vll  KiO Scimlcc ‘1 kaln for tl)is ]mlm [11]. ‘J’l)c  diflkrcntj
.

scale of il]csc mcasumncllts  is rclat,ed  to il]c absolute accuracy (3 ().2Yo) of the calibration of the

illdividua]  instruments [’7]. lhxausc  of the low absolute accuracy of the cumnt total irradial~cc

I]](::\slIIc!])lcIlt,s,  it is cxtrc]nc]y diflicu]tj  to lnaillt,aill  1011!, -{0]]] llolnoF;cJlous  irradiallcc  datascts,

csl)ccial]y wl]cn tllcrc arc i]ltmmll)iiolls  ill tllc 01 m:rvcd (Iilta.

‘1’llc first al)d loIlgcst  IIigll  l)rccisioll  Sl)acc to ta l  imidiallcc  IIlol]itjorillg l)rogralII w a s  c.arricd

out, l)y radio  ll]ctcr 111” of the “1’;arLll  l{adiatiol]  l;udgct” (l;l{l\)  cx~mi]ncllt 0,, tl)c Nilnl,us-7

satcl]itc  lmiwml Novcmlmr  1978 al)d January 1993 [1 2]. ‘1’llc “Active Cavity l{adiolllctcr  lrra-

dia~lcc  Mo~liLoring  1“ (ACI{IM 1) cxlmrilncllt ml tJ]c Solar Maxilnuln Missio]l (Sh4h4)  satelli te
.

was lauIIcIId  OH l“cbruary 14, 1980 and was olmatcd  l)y tlllc CIId of NovclIIlwI 1 98(1 [1 3]. ‘1 ‘lIC

ACl{”lh4  1 cxlmi~ncllt,  was followed by tllc ACl{lh4  11 ou Ix)ard tl]c Lll)l)c]  At]llosl)}lcm  ]{cscarcll

$at,cllitc  (UAI{,S), wl]ich was launched i~l Scl)tclnl-m  1991 [14] and it is still  olmat,illg  as of t}lis

~ilI”lC.  ]llShIIIllC!llk  a]lllOSL id(!Il~iCal h Ac]{]hd  ]laV(! 1X!(H1  f]OWJl  by ~AsA’S  ‘i] ’;alth 1{.adiatiOll

1 ludgct  l’;xpcrimcl)t” (ljl{l~l~) 01] board  il)c }tartll l{adiat,ion  IIudget  S a t e l l i t e  (1;1{11S) sil]cc

Octolm 1984 al]d o]] tJ1c NOAA9 and NOAA] O sate l l i tes  sillcc Ja~luary  1985 al~d Octolm

]  {)~(j, ,csl)cct,il,c;ly [] ~]. ‘J1]lC ~JA]{,s/A(;]i]M  ]1 irradial]m  valllcs l)lott(x] ill l(’ig. 1  lIaVC l)(WII

adjusted to t]]c ACl Uh4 1 lCVCI via tllc illt,clco~lll)a~’isol]  of t,llc two sct,s of AC]{] h4 data wit,ll

tllc l;l{ll  -111” al)d I’;IUM irradiallcc  II]c:ls[ll(:lll(!llts  [16].

‘J’lIc “solar Variability” (SOVA) cxl)mill]cllt  011 board tllc l~lJro})can l{l;tlic:~~:il)l(~  CArrim

(l;lJIUtCA)  was launc]lcd  on July 31, 1992 a~ld it was rctricvcd ill JUIIC 1 9 9 3 .  ‘J’llc SOVA

Cxlxn.ilnel]t co~lsistcd  of two tylm of absolute radiolllctcrs: t,llc “l)ifl’(:l(:llti:~l  1 )ual Al)so]utc l<a-

diolnctcd’ (I) IA I{.AI)) of the SOVAI cx~mrilncllt  [1 7] and t,hc l’hlo-(i  tylx: of almlut,  c radionlc-

tcr of the SOVA2 cxpcrimcnt  [1 8]. III addition to tllc radiomctms, bet]] SOVAI and S()\TA2

cxlwrimcmts  included sul~photomctcrs  which mcasuml solar slmlral irradial)cc  bctwccn 335
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al]d 862 lIm. h40rc rmclltly, total  s o l a r  irradiallcc  has l)ccn  Inollil,orcd  }ry t,l)c ‘[\~arialJi]it,J  of

11 badiallcc  Gravity oscillatim)s’” (VIIW()) cx]milnclltl  011 lmard tl,c Solar  llclios]~llcric  olJ-

scrvatory  (Sol 1 ()). ‘J’IJc Vll KJO cxlmilncllt  calrics  two radio  lnct,crs (1)1 A I{,AI ) and 1 ‘hf106-\~),

% sIIIIl)llotoII~  ct(;Is  measuring spectra] irradiallcc  at 402, 500, and 862 I)]n, and a low rcsolut,iol]

“l,ul]]illosity oscillation lmagcr”  (1 ,01) [1 9]. ‘J’hc SOllo/VJIK~O observations l)rovidc  unique

irradiallcc  dat,ascts sincm S0110 is ldaccd  at ihc Sulb]’;artll  IJagrallgc  1 (lJl ) l)oint, WIICN!  COII-

tlilmous c)l)sc:l~~tltic)lls  of the SuJ] arc l)ossiblc.

Alt,l]ou8;ll tl]c absolute accuracy of tl]c total  irradia~lcc lll(:aslllc:~]l{!llts  is lil]]itcd to al)ollt

:1 ().2(X1, tlllc  lmcision  and stability of tl)c iI1stlllll)(!l)tls  is Inuc]l I)cttcr, wllicl]  lnakcs it ~Jossil)lc  to

st,udy tl]c rc]ativc  variat,iolls  ill total irradia~)cc.  As illustrated ill l“ig. 1, total  sola] imadiallcc

varies over a wide rallgc of l)criodicitics. ‘J’l)c ]nost ilnlm~ta~lt  discovery of tllc satellite-l)ascd

irradiallcc  ol)s(:l~~iltjiol]s”  is that total solar irradiallcc  varies I)y almut  a s]nal] fractfio]l  of 1 %

ovm il]c solar cycle, being l)igllcr during  ]naxil]]uln solal activity collditliolls  [6,7]. ‘1’l)is  solar-

c~~cl(:--]c:ltlt,c(l  variation of iot,a] So]al irradiallcc  is at,tlributlcd  to tfllc cllangil)g  clnission  of l.)ri~~llt

IIlagllctic  clcmcllts. It has been demonstrated tllatl tl]c active rcgiolls  facu]ac alollc  fails I)y

1]1oI.c tllal] a factor  of two ill explaining tj}lc solar-cycle-related lcmg-tcrJn  cha]]g;cs [20]. A third

conllmlcnt,,  tl]c so-called “active IIctwork” has bee]) introduced  to cxl)laill the olmrvcd lo]lg-

tmn irradiallcc  cllallgcs  [21 ] .  Itl has  Lccl] sl]ow]) tl!at, tllc io]]g-tcrIJl irradiancc  cl]al]~;cs  I~Iay

also bc related to variations ill tl]c lhotosl)llcric  tcnl~jcratlurc  [20], howcwm, it is not] yet clear

wl)ctllcr tl]is cl]angc  can bc linked with the brig}lt IIctwork  coln~mnc~]t,.

‘J1hc sl]ort-tcr]n  c]]angcs on tilnc scales of days to molltlw arc associated with the cvolutioll of

active regions via the co]nbincd  cfl”cct  of dark su]lspots a~]d hrigllt facu]ac [22]. ‘J’hc ]nost striking

cvcIAs ill the short-tcm irradiancc  chang;cs  arc tllc sumpot-related di~)s in total  irradiancc  with

all alnlditrudc  u]) to 0.3%, wllcrcas faculae can cl)hallcc the total  flux wit]] an alnl)litudc  of

shout ().08% [23]. A particular di~) ill total irradiancc,  observed in lat,c June a~]d car]y July

of 1988 is ln”cscntcd  in li’ig. 2. ‘J’hc solid lil]c 01] the lower I)ancl SIIOWS tl]c ACI{1N4 1 total

irracliallcc.  ‘J’hc corresponding solar iwiagcs, taken at the San Fernando Obscrvatory,  California
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by a large sunsJ~ot  group in late June
Pig. 2.: An individual dip in total irradiance  caused

and early July, 1988 is prcwmt,ed  on the lower panel. ‘1’hc solid line shows the SMM/ACllIhfl

I total irradiance,  the dasshed  line shows the 1’S1 model of sunspots. The corrcspo~ldi~~g  solar

images, taken at the San Fernando Observatory, CaliforI1ia  State University at Northridge,  arc

presented on the upper panel (the plot was provided by courtmsy  of G. A. Chapma~l).
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]<’iP,. 3.: ‘J’hc Nilllbus-7/jiilt].3  and Sh4h4/ACIllh4 1 a~]d UAI{S/ACl{lh4  11 data are IJrcsented  in

l“ig. 3a, where the observed AClil  M 11 data (dashed line) were adjusted  to the Sh4h4/AC;lLIh4

1 scale by [1 6]. ‘J’hc acljustccl data arc shown  with tl]c solid line. F’ig. 3b shows  the 1’S1 Inode]

of suns] )ots, Fig. 3c. gives the iimc  series of the ACltl  hl irraclianccs  after  corrcct,illr, them for

the sunspot, clarkening. ‘J.’hc combined Ni~~lb~ls-7/Sl”;lJ\~]  and AT0AA9/SBU\~2  h4g 11 II & k

com-t,o-wil)g ratio is presented in Fig. 3d.



it II:IS IXX!II lHOVCII  as a good illdicatm  of solar (JV va)iabi]ity  [28]. Since tlIc forll]ation of tl)c

Mg 11 lillc is wry  siInilar to that  of LIIC Ca 11 1< lillc, it is a r(!amlably  good  lnoxy to dcscrihc

tlIc effect of the brig]lt ma~,l]ctic  clmncnts. A s  call bc SCC]I  f rom I“ig. 3, SC a]id tllc! h4g c/w

. r a t i o  valy ili pam]lcl over t}]c solar cyclcl indicating  t}lat the cl]angill~  clnissio]l of the brigld

fC!ZLtUJ”C!S  k t,]]~ Illaill  COIlhihtO1’  tO t]iC ]OI)g-h’111  IJV aI]d toh] il’Ili(]iallCC  val’iatio?ls.

~Sinc{!  tlIc ,Su II’s irradialm is olmmcd froln OIIC dircctiol]  ill sl)acc, it is diflic.  u]t to dc!tcrlnillc

WIICt)l ICr tllc olmrvcd irradiallcc  variat)iol]s rc~ncsc]lt  true lulnillositly  c)]angcs  whicl) occur ill tlIc

SuII’s radiat,iol]  ill all directions or tllcy  arc silIl))ly  rcslllt of a cllal~~,c  ill the al)gulal  dcJ)cIIdcIIc(!

o f  tl](! radiatiml  fI(!ld cIncIgiIIg fro]]] lJIc l)lIOtrosl)lI(:I(:,” lt lIas lKWII dclnollstratcd  [20,29] t}Iat

by illtr(!gratli~]p, t]]c solal  linlb briglltllcss l]l(::lsIIIclII{!]Its,  olIc call coln~)utc  tfllc solar lulnillosil,y.

llsil~g t,l~csc  lilllb brigl)tmcss obscrvatio~]s,  it, l]as lKWII slIown that t h e  I’;IU3 a]ld AC]{] h4 total

irradia]]cc  and tllc c o m p u t e d  lulninosity  cllallgc  ill IJhasc and rclativ(! alnl)litudc  [20]. ‘I’l ICSC

results dc!ll]o~lstratc  that the loI}g-WIn cl)angcs arc really lulllil]osity  cl]angcs, wl]icll  l~lay l)lay

alI il)ll)ortant  Iolc in global  cl]a~]gcs  of tllc l{)artl])s  climat,  (!. AII additional important qucstioll is

wl]ctl]cr tllc slIoIt-tcrIn  cllangcs  in total irradiallcc  am rc.al luminosity cl]al~gcs 01 t})cy mlmscntj

a sill)l~lc lc:-clistriblltjioll of the solar radiation by sunslmts  and active r(!.gioIIs  facu]ac [8].

S(!vcral tl)cori(!s  f o r  cx])lailling  t,lIc rc-radiation  mccl]anisln  o f  tl]c nlissing cxIcrgy  in tllc

su~ Is] mt,-rc]  at(!d irradi  ancc di~)s have hccn I mt forward. l{cccnt  nulncrica] colwcctioll  In odc]s of

cncrp;y  and II]atcrial flowing around a sunspot  do l)ot indicate long-tcrln  storag(! of th(! heat flux,

but  SIIOW that  Inost of the heat flux blockc!d  by sulls~)ot-like objects - lnagl]ctic pcrturbatiol)s

Ical)l)caI  at tlIc surface; a]though  some of tlI(! blockcc] flux is carricc] horizmltally  Par from tlIc

object [30,31 ]. III contrast, the “thcrlna] diffusion theory” su ggcsts  that the rcduccd  radiation

rc.suits in stolagc  of tkc blocked heat  flux as thcrlnal  and potential energy of ihc co~]vccti~’c

. xo]]c arouIld a slmt, and tl)is clIcrgy is rc-radiated OV(!I tllc loIIg radiative relaxation  time of

tllc lay(!rs (!fltxt,(!d by the s~)ots [32,33,34].

Anotl)cr  cx~dallation

fi(!l(ls of tllc S])ots [35],

suggests that the energy blocked by suns])ots is storccl in the magnetic

i]] which case sunspots  slIould  cause di~w in total irradial~cc  during
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t!ll(! (W’ly stage of {(ll(!;l’ (lc\’(!lo])  lIl(!I1i, as slIowII l)y soIII(I of t,llc statistical a]ialys(:s

]“01’IIlatiOll  of SUllS])OtS rCSUlt,S fl’0111 t]l~.  bUOyalli_  lllot,ioll”  C)f flUX tU~)CS fl’olll S011)[! I’CgiOl

36,37].

i]] Ihc

solar illt,crior, wl)crc tllc lnag]lct,ic  fields ar(! gmlcratcd. Sillc(! considmablc  energy is associat(!d

. with tl]is Inotioll, it is cxlx:ct,ml  that th~! flux cmldlion  1Jc14,urlw t,l]c lumil)osity [38,39]. It, IIas

bccJI sugp;cstcd  that  a slow downward flow is” also SU])l)OSCCI to occur around tllc s}mt)s during,

tll(!ir growing l)llasc t,llat is capab]c of tralls~mrt,illg  tllc l~lockcd  mlcrp,y t)o surmul)dill~  mgio]]s

WIICIC  it, c1 II CrgCS aS facular  cnhanccmmlt  [40]. l{csultls  of active rc~iol)s  l)llot,ol]-l(:tly”  iI)(lical.,(:s

t]]atf  Lllc faclllar  (!xccss flux colnlxnlsatm  tlllc sl)of (I(!ficit  01) actil’f! rc~,iolls  til]lc s c a l e ,  (w(!r

scv(va] II IOIItlIS [22,41 ]. ‘1’l]csc coIlt,]()\~(!]’si(:s  i]ldicatc that OIIC ca]l]lot  rIIlc  out  f,l Ic l)(wsil)ilit,y

tjl]at  tllc SlIOrtl-if(!rIn cha]lgcs  rcl)rcscnt r(!al 1111 I)illosity cl]a)lp;cs.

3 M odding Total Solar 1 madiancc

‘1’IIc dctcc.tion  of total iml(lial)cc  variations by slmce-lmIIIc

Variations

cxlmilllcllts  during t]l(! 1 ast, t\!’o

d(!cadm+  stinlulat(!d  modeling Cflt)rt,s  to help idm]t,ify  t,llcir  causes a~]d to ~)rovi(lc iIradiallcc

~st,ill]iit~s WIICII 110 satcl]itc  obscrvatims exist. Altl IouglI co~lsidcrab]c  illformat,ion  exists about,

tllc variations ill tc)tal irradiaIlcc,  the underlying  l)llysical lnccllanislns ar(! not lt’(:11-~lll[l(:lstc)()(l

as yet. 1 k!causc  of the lack of adequate quantitative l)llysical modc!ls, onc l~as to r(!ly 011

(!lol)irical Inodcls based on ‘j)roxy indicators” of solar activity. 1 IOW(!VC1’,  tjllc fllJl(lalll(!nt a)

question is WIIAIICI these cmpirica] mo(lcls  can rcasonahly  ])rcdict solaJ indiaJ1cc,  cs])ccial]y

lvitll t,l]c lo]lg-tmln ~)rccisiol]  rcquir(!d by clilJlatc  studies.

3.1 Modeling Variations on A dive ]kgions Time Scale

‘J’llc Iimt Inodcls - the Wunspot  II]ockil}g Ful]ctioll’> and ‘[l’llotjc)lllctflic  SuIIspot II)cIc!x” w e r e

dcvclolmd  10 cx~)lain  the cflcct of sul]spots o]] total  solar irradia~)cc [23,32,42]. 1 lmwwm, t,l](!

suljsl)ot Inodc]s  can account for only about IIalf of tllc varia)lcc  in total  irradianco  [22]. “1’IIc

obvious I)cxt stcl) was to inc:orporah  the cfi’cct of facu]ac into tllc modc]s, which were the

8
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]Jotc]jtial  ccJ]]l,]iljl]t,c)]s of tlIc cxccss flux of total  irradiallc~! [23,43] .  licsu]t,s  of ~)lIot,olIIctry

oi” acllivc  rcgiolls  i n d i c a t e d  tliat Llic cxccss flux of’ faculae witl)ill  all active regio}) could  IIOt

(’c)lII])(:IIs:Itt!  t,l Ic corrcsl  mlldillg  irradiw)cc  d(!ficit  caused l)y suIIsl)ots  [22]. III acldition, it was

fouIId that iIl IIuIncrous  cases the cflkct of suIIsI)oW  was still c]carly rcsolv(!c]  after tlhc  1 ‘~1

I IIodcl was su btractcd frmn the olxxxvcd  irradiallcc  values [44]. ‘J’his rcsiclua] variahl  ity was

a(tril)utml  to tl]c cha]lp;illg  ratio  of tlh(! area of suIIs])ots and J“aculac  duri Ilg the cvolutiml of

actliw!  rc~,iolls  [45]. It w7as  also foul]d tl]at  ill a(lclit,ioll  to tllc a!,c of act,ivc Icgjolls,  t,llc  rate of

p;mwtll  ill tlll(!  alca  of sullsl)otls al~d {l]cil  ll)a~,llctic sl,JwctuIc  ])layc(l aII jIll])olt:lll~, IOIC jl) i,]I(I

S11011,-  k])] lwriat,ions  Of tlotiil solar irradiancc  [46,4 7].

‘1’0 seek l]]orc illsigl)t  into Lllc ro]c of tllc c!volutioll  of sul)s])ots  ill irradiatlcc  Cllallgcs, tllc

swcallcd  C(activc.” and ‘j)assivc” sulls]}ots WC1’C!  scl)arat,cd [46,47]. ‘J’hc ‘(act,ivc  suJIsI)ots” I\’cl’t’

i(l(!lltilicd as ]]cw]y forll]cd m)d quickly dcvclol)i~lg  sulls]mt p,roul N+. ‘1’l)csc sullslmt  groups always

l]a(i col))l)lcx IIlagllctic  structure (~ alJd/or  d Cc,]lfigl]l:lt,ioll),  WIIC]I tl,c ]]lag~,ctic ],olaritics  wc]c

IIlixcd witllill  a groul)  alld/oI  umlwa of op~)ositc l)olaritjcs  aJ)J)carod within tllc sa~nc  l)cmlml.  )rac.

III addition, t}lcsc suIIspot grouJ)s w~!r(! found  to lx associatml with t])c laqpt  solar flares slid

w(!I’c!  also idcl)t,ificd a s  ~~kc,  h’kc,  al)d ]“kc I,y])cs o f  suIIsJ)ots in t)lc N4cJ11t,osl  I cdassific,atiolls

SySt,CIII  [48]. ‘llllc  c[})assivc  sullsJ)Ots” were dc{illcd  as old sul)s])ot groups wit]] siIn J)lc st,ructu)”(!

:11)(1  II OJIIIal (CY or [~) lnagl)ctic polarity  colJditjol)s. As aIl cxam])lc,  the tiInc series of the ACIU h4

1 total  irradiancc  aIId Ll]c J)rojcctcd  area of the active al)cl  J)assivc spots  arc J)rcscntx!d  for 1980

(solar lllaxiIllulil)  a]ld 1984-85 (solar mil~ilnulu)  ill l~ig. 4. ‘J’o dcscribc  the cflcct of faculae on

total  irra(liallcc, t,ll(! full disk cquivalc]}t  widt])  of the IIwlil]c at 1083 nln [49] is also JJotlmd il)

l’ig. 4 [36]. As  call lx: SCCII, the dil)s ill total solar irradiallcc  arc always associated with  tllc

]waks ill tllc area of active sunspok.

wit]l tl](! tc]l]l)orary  c]ll]anccmclits o f

wi(ltl]l.

111 col]trast,, the J)assivc suIIsJ)ots scmn to bc associated

total  jrradjaTlcc and tl)c })caks i~l tllc IIc-line cquivalcTlt
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Fig. 4,: ‘J’he left-side panel gives the time series of the Sh4M/ACILIM  1 imadiancc  values (l),

pmjcctcd  areas  of active sunspots (11), passive sunspots (111) and the full disk cquiva]cnt  width

of the 1 lc-line at 1083 (IV) for the time interval of P’cbruary to Dcccmlmr of 1980 (Inaxinmm

of solar cycle 21). The right-side panel shows the same for 1984 and 1985 (minimum of sOkLT’

cycle ’21 ) (after [36]).



‘1’l)c co]l)l)i]~[!d cflkct of su]]slwt,s al]d brigl]t,  ~nagl)ct,ic rcgiol]s on total  solar irradiaIJcc has bee])

st,udicd wit,]] lnultivariatc  s~m%ral  analysis [36]. “1’l)c  lnost ilnportant  results of lnu]tivariatc

analysis arc shown in }~’ig. 5. ‘J1lIC ulqx!r l)alicls  rq)rcscnt tllc AC1Uh4 1 power  s~x:ctrafortl)c

lnaxill]uln  (1980) and Inil]ilmlln (1984-1985) of solar cycle 21. ‘J’lIc shaded areas  indicate the

~wrtiol~  oftl}c  ACIUN4 1 varia]lcc  cxplai]lcd  ly tl)c active s]mts, ]msivc s]mts, a]]d tllc l)rigld

]t]a~,]]ctic  ibat,urcs  If!])Ic’sc:Iltc:(l  l)y tlIc }Ic-line at 1083 IIIn as a ful]ctio]]  of frcqumcy.  “J’IIc lower

])all(’]s  p,iv(! !11(! total S(]11;11”(!(]  Coh(!l’(!llc(’sl wl)icll  ~ivc tllc ~mrticm of total irradiallcc  cxl)laincd

Iry tll(:(ollll)ill(:(l  c:fl”c(:tofslllls])ots”  and faculae. Asca~l I)csm], tllc squared colI(!rcIIccs clla~lgc

asa ('llIlctic~ll(  )i"fl(:(]lic~llcy,il~  {li(::ltill~t}lc  (:llallp,illg})  attclll()ftll( :li Il(:alassc)cial,  i()Il [36].

A s  ca]l I)c SCCI]  f’roIII l’ig. 5 ,  lnore t,lla~] {N)(YO ~)f’ ~11(: ~ot,:Il  Variallcc  of the ACl Uh4 1 total

irradiallcc  is cxl)lail)cd  by tl]c colnl)i]icd cfl’cct of sullsl)ots a~ld faculae for 1980, wllcrcas o]ily

i]l)oll{, 73(X) of t,l I(: total  ACl{lh4 1 variance is rclat(!d to su]lsl)ots  and faculae for solar ll]ilJi-

11}11111,  l!’ll(!l]  1110s( of tllc rotatio])al  variability of total  irradiancc  (about 80%) is related t,o the

bri~llt II)ag]l(!tic f(!atulx!s. 111 contrast, during  solar lnaxil(lul~l, tile sl]mt-term cha]]ges in total

irradiallc(! ar(! Contro]l(!d by Sullslmts;  whcr(!as  facu]ae Cc)lltributc t,o oJI]y about 10(% [36]. ‘J’ILc!

l(JWCS( (urvcs  ill tllc })owrcr  slx:ctra of tl]c ACIUM 1 total irradiancc  rcl)rcsc~lt  t,l)c v a r i a t i o n s

wllicll rclllai]l u~]cxl)laill(!d  after  rclllovin~,  t,llc cf[cct of su])spot,s  al)d bright  lnagnctic  c]cmcnts.

A s  call be SCC]], (:c)llsi(l(:l:il>l(;  variatiml r(!~naills uncxldaillcd at IJcriodsof 51, 27, ]3.5,  and 9

days, a)~d tl)e al~ll)litudc  of t]lis rmidua] variatio]l is cl]allgil)f; as a ful]ctiol] c)f the solar cyc]c.

llow(!vcI,  it is not clear wl~(!tlhcr  this residual variability is related to the ul)ccrtainties  ill ttlc

data ilIl(l/01”  to additional solar cflkcts wl]ic]l arc not yctl taken into account  in the irradiancc

1110[1(!1s.

‘1’11(!  above cxcrcisc dm]o]lstratcs  that before dcsigl)illg  a model, i,hc a~)~)ropriatc  questions to

ask: (1) what is tllc l]ois(:c ll:ilact(:risticsof  tl~c(lataall (l” (2) how lllall}’  l~ariablcs  arclcclllir(:cl

10
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Fig. 5.: ‘1’hc U])])(T ]RI1(!IS  s h o w  th(! ])(XW!I’ spectra of the SMh4/ACl{lh4  1 total irradiancc

f’or 1980 (Icft-side) panel a~ldfor1984- 1985 (right-side) panel (after [36]). ‘J’hc sllaclcd arc!as

indicatfc  tfhc IJart of lhc irradiancc  power cxplainccl  by the power of LIIC active and ~~assivc  spots

and by the IIelillc  cquivalmt  width at 1083 nm. ‘J’hc total cohcrc)]cc squared values arc given

.



llolllil]ear  aII(l chaotic dy~ltimica]  systmns [50] a])d it IIas bm) l)lovm)  a s  a  lmwcrful lllctllod

. to study  irradiallcc  clla]lg;cs [37]. SSA is lmscd on l’rillci])al Co~n]m~lcl)t  Analysis i~l tl]c tilnc

dolllai]l,  ‘J’hc malnincxl tilnc series is auglnm~tcd  illlm a ]m]nbcr of shiflml  tilnc series Ill) to a fixccl

\T:l]ll  C j4. ‘J’}l~ (:()]]l(:lst,())l(:  of SSA is t,llc sl)(!ct, ral, i .c., cip,cl]valuc cigt!llvcctol,  (i(:col~ll)ositic)ll

o f  tll(: J4 x J4 lap,gcd covmiallc(!  ]Ilatrix  Ivl)icll  is colnlwscd o f  tllc cmvariallccs  dc%crlnil]cd

I)ctwec]] tl]c sllift,(!(l Ilil)]c scri(!s.  ‘1’1](! cip,clllr:illlcs  of I,l]c lap,gcd covariallm Inat,rix  colnl)osc  t,llc

so call(!(l Sill~;ulal  S~)cctIlllJ],  11’}]mc tllc ci~(’llvalllcs  arc arlallgcd  ill a IIlollotollically  dccrcasil )g;

order. ‘J’IIc cigcllvalllcs  cxlt-off at, a ccrtail) order, i“hl])il)p,  a “tail” ill tl]c s])cctrll]ll wllicll i s

co]lsidcwd a s  tl]c IIoisc floor of tllc data. ‘J’llc  ll(l]lll)cr of ci~,cllvalucs above  the ~loisc  flool

rcl)rcscllts tl)lc dcgrcc of’ fr(!cdolll  of tl]c varial)ilitlyl or ill otlll(!r  welds, tllc statistical di]ncusiol)

of tl)c data, wllicl] is associated with tl]c ]Iu~]Ib(!r  of oscillatory coln~)oncllts  ill t,llc sigl]al.  ‘J’IIc

lligllcst cip,cllvalucs  rcl)ms(!nt tllc fl]~l(l:]~]l(:]]t:~l  oscillatiol]s  ill tllc data and ill lnally cases tllcy

arc wlatcd  to {111(}  tmld ill the titnc series.

l{csu]ts 011 S S A  a r c  illustratml  ill l“ig.  6. l“i~. (ia snows the Singular  S~wctra of tl~c

SMh4/ACIUM  1  ( d o t s )  aIJ(] t]l(: ~iIn])us-’7/};]{]]  (dii~l))o]l(]s)  Iiidio~Ilct~]s  fo~ ] 980. ‘J’])c Singu-

lar S~mc.tra of tlic ACI{I L4 1 al~d Itl{Il irradia~lccs  arc! wry silnilar a]ld as really as 20 dcp;rccs of

frc!c!doln  am (!stablish(!d above tllc noise lcvc] of tl~c two sets of total  irradiancc  mcasurcmcnts.

‘J’lic scatter l)lot diagra~~l Imtwccll tl]c Sh4 ill /ACIU N4 1 a~ld Ni]nbus-  7/l;lU~  irradial)cc  is lm:-

SCIIM i]) l“ig. (ib, w’hicll  indicates [IJ(! IIigll correlation (r = 0.96) l)(!tweml  the two datascis.

‘J’l~is confirms that the 1~1{11 instrument,’s accuracy was )IINCII better than  the origi~lallycsti-

]I]atcd d 0.50/0 [12] and for the tilm illtcrva]  of 1980 tll(!  two diflmnlt  radiometers resolved the

sa.]nc oscillations ill total  irradiallce. IQotc that ill 1980, cllllillgtllcl}orl]lal  opcrationa]  m o d e

of t,l]c SMh J sat,(!llitcj tllc IIlcasurillg  l)rccisiol] of ACl{lhl 1 was so high (d O.002YO) that each

obscmd cvcl]t had a solar, ratllcrthall  illstIllll](:lltal,  origil] [51]

)ccc]nbcl 1980 the solar ~wintillg  systmn of t,hc SMM satellite failed and it
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l“i~,. 6.: “J’lIC Singular  Spectru]]I of the SMM/ACltIM  1 total  irradiancc  for the time int,crva]  of

l“cbrua.ry to November, 1980 (normal opcratiolla]  lnodc of the SMM satellite) is presented in

Fig. 6i~ by the dots. “1’hc diamonds give the Singular Spectrum of the Nimlms-7/l11i13  data  for

L]lc sal~le tilllc  intcr~~al.  ‘]’]Ic scatter plOL dia,f;ral]l  bctwcc]]  the SCRIM I and ER13  dat,a is given

in l“i~. 61).
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]“i& ~.: ‘J’he Singular Sl)cctra  of Lhc Nimbus-’7/ltlil3  data as well as tllc Iloma] ancl spill

opcrattional mode of ACRIM 1 data are presented. ‘J’hc dots t;ivc the AClUh4  1 data for 1980

(normal operational mode of Sh4h4). ‘1’he diamonds  show the Nilnbus-7 data for 1981, the

squares give the ACRIM I data for the spin operational mocle  il] 1981.



IIIOd C t,l Ic I)l(!asuring l)r(!cisioll  of AC]]] M 1 dccrcascd  by about  a factm  of 5 (froln 0.002%  to

().()1 %) [51]. ‘J’])(! Singular Slwctmxll of t}lc Nilnbus-7/l’;lUl  data

l~ip;<  7 for 1981, the squares ix] l~ig.  7 give the Singular  Spectrum

data ill 1981. ‘J)o co)n~)are tll]c ~)orl~lal  m]d sl)il] opcratiolla]  mode

(diamonds) is ~msentcd  ill

of the spiw-moclc ACRIM  I

of ACIUA4 1 data,  the clots

SIIOW t,llc c,i~cl~valucs  of AC,I{l M 1 for 1980. As SI]OWI) ill l~ig.  7, ]Io sigllifical]t  cl]allgc call be

rccogllizcd  lx:twccII  tl]c Sil]g;ular Slmira of tllc ACIU M 1 data for 1980 and t,}lc I(HU 1 data for

1981. 1]] co]ltrast,  tl)c Si~)gular SIxxi,ruIIJ of i,l]c sI)i]l ]nodc  A(;I{IL4  1 data is quit,c difl’cmlt, i.e.,

tl)c IIojs(! level  il]cmascd  significallt]y  ai]d mlly a fcw oscillatory coInl)olIcIIts  CaII I)c resolved

f’roln tll(!sc! (Iata. Note tl]at  tl]c corrclatiol) cocflicic~lt  bctwcml tllc l’;lil ~ a])d AC]{] M 1 data fol

1981 is also lc!(lI](:c(I to r I ().8(). ‘J’llc  results l)mscl}tlcd  ill l~ig. 7 clml]onstratc tl)atl tll(!  chaIlgc

i]] tl]c ACI{l M 1 S’illglllar SIwctIa fro]]] 1980 to 1981 is not related to tl)(! cliall~;i~lg  level  of

solar activity as tll]c solar cyc](! l)rogl’csscd, but it has been rc]at(!cl  to Lho rc!duccd mcasuti]lg

ac.cmrac.y a]ld l)rccisio)]  of tllc AC)]{] h4 1 i]wtruln(!nt  during  th[! spin olwration  mode of SMM

lxcausc of tl)(! lack of ])roIm  so]at ~mi~ltil]g  al)d the lack of normal  duty  cycle of ACIUM 1

[{,2]. lJl]f(J]tlll]ilttly,  tllc reduced accuracy a,ld ~mcisio]) of Lhc s*,in ~nodc  data il])~msc a serious

col]strai~lt  011 tlI(I loIIg-tcIIn  l)rccisioIl of’ tlI(! cl)tir(!  AC]{] hfl 1 datal.)asc  which makes it difficult

to study t,llc d)angc  in the various oscillatory colllI)oI1cllts  of the AOLl M 1 total irradiancc  as

a fuIl(:tioIl of solar cycle [53].

‘1’lIc!  IIIOSt  il)tcr(~sti~)g  asp(wt  of SSA is tl](! lccol)st,lllct,io~l  of tllc examined ti~ne series above

tl]c lloisc Icv(!l aIld/or l)art of il)t(!rcst. ‘1’l)c various oscillatory conll)o]lcnts  i]] the exa]nillcd time

series call 1)(! l(!c,{)llstlllct(!cl  as a l)r(~ject,ioll  to t,}lc so-called ‘(l{hnl)irical  ortllogona]  IMnctions”,

w])icll  arc tllc Cig(!l)vcctow of tllc covariallcc  ]nat)rix [50]. ‘J’hc nlaill  oscillatory coml~cmcl)ts

lx:twc!cll  lx!riods  of 1() to 51 days have bee]) lc!co]lstlllctc:(i  for the normal o]mat,ion  moclc of

ACl{lh4  1 data i~l 1980 (Y’ig.  8) a]]cl for the l)rojcctcd areas of active (Fig. 9) and pass ive

sullslwts  (l~ig.  1 ()), rcs~wc,t,ivcly.  As call be SCCII from Fig. 9, tl]c first four cigmva]ucs  in total

12



SMM/ACRIM  I Total Solar Irradiance
fleconstructed  Components using the Iargcst  cigenvalues
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Projected Areas of Active Sunspots
Reconstructed Components
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ilradia~]cc  r(!lmcscl]t,  tl)c 50 al]d 25 days oscillations [36,45,46]. ‘J’l)c first,  fiw! c!igmlvalucs  ill tllc

lnwjc!c,tcd ar(!as of activ(! su]ml)ots rc~wc!sc]]t  the ~maks at .50 a~ld 25 days, wllicl]  comxlm~]d  to

tl]c dil)s ill t(hc first four IWs of total  irradiancc. Sillcc the oscillat,iolls  al 50 and 25 days always

occur tx)gct])cr, it is a strong  indicatiml that  these ~miods am llarlnol~icx of each ot}lcr. ‘J’hcsc

two dmninant  oscillations arc com~det,cly  ]nissing  from t,hc lnojc.ctcd  areas  of ~mssivc sl)ots. 111

tl))at case the ]ar.gcst  cigcnvaluc  rc))rm!nts  a 30-day variation, whit]] is Lllc ]nost l)ronou]lccd  ill

tllc sccm]d l)alt of 1 W), wllcn really  old rcgio]ls occurred 0]1 t(llc Sun [37].

3.2 NIodding Variations Over the Solar Cycle

(Iollstlllctic)ll  of lol~g-tmn  Ino(lcls  of total  irradiallcc  IIas l.)(!cII  of hi,gl] illtfcmt  hc!causc tllcy ]Ilay

I](!IIJ to ulldcrstal)d  the role of irradia~lcc  variatfioljs  ill clilllatc cha~lgcs  [1 0]. in tllc discussion] to

follow wc will address the qu(!stfion  of tllc accuracy and littlitation  of the currc]lt  cml)irical ]]]ocIcIs

of’ total  irradiancc. ‘1’l)csc arc cxtrclncly  ilnportmltl  issues wllicll lIccd  attjclltio]l,  cs]xxially  WIICI)

irradia])cc  Inodcls arc cxtrapolatd  back to tlIc ti]nc of tl]c Nflau]ldcr  Nflini]num.

A ])articular  mc)dcl of total  irradiancx  is ]mmntd in Fig. 11. ‘J’l]c dottml li~)cs  sl]oiv t,llc 81-

day runl]i]lg Inca]]s of tJ]c modcld  irracliatlcc  values calculatd with multi]dc  li]lcar rcgrc!ssion

bM(!(]  011 t]lc formula: y = a -i h X x -1 c X z, W] ICI’C a, b, and c al’c the I’(!grmsioll  Co(!flicicnts.

x Iq)rcstvlts  the 1’S1 functiol), whmcas z is the hflg c/w. y gives the best-fit linear rclat,io]ls]li])

bctwcc]] total irrac]iancc and sulls])ots  as wd] as the bright mag;nctic  clmncl)t,s  rcprcm]td  ])y

tl]c Mg c/w ratio. ‘1’hc model has been talc.ulatcd for the time i~ltcrval of tJIc Shflhfl/ACl{l  M 1

]llc:~slllc]llc!]]tfs  of 1980 to 1989 and it was cxtcndcd  to t,l)c cnd of 1993, ill a similar fashion as

dcscribcd  in [54] in order to compare tl)c observed and lnxxlictc!d irradiatlcc  values.

‘J’hc heavy line iJl Fig. 1 la shows the 81-day  runnillg  means of th(! ShlM/ACl{,l M 1 a~ld

UAIW/ACIU  M 11 total irladiancc. Note that in this case the ACIUhJ  11 data were scaled to tllc

AC]{] M 1 ICVC1 via the illtcrco)tll)a~isoIi  of the two ACRIM datascts wit}l the Ellll a?ld  )’;1{,1{S

irradiancc  lncasurmncnts  (adjusting factor =-. 1.001 15) [16]. in Pig. 11 b, the adjusting factor

(1 .001 802) was c.alculatcd  from the l;IU)/ACltlM 1 a]ld l’;lU3/AClilM II ratios [14], yicldil~g
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lines show the 81-clay running mca~ls  of tllc observed total

the dottccl  lines present the 81-clay running recalls of the multiple regression

11a tl)c ACliIM  11 data are adjustecl  to the AC1tJM I level via the intcrcomparison  of the two

solar irradiancc,

models. ]n Pig.

ACIUM dataset,s with the 1{11U3 and }21U IS data [1 6], in l~ig.  11 b the scaling is performed On

the basis of the }HW and ACIUM intcrcolnl)arisc)l~  [1 4]. ‘J’hc heavy line in Fig.
1 IC S11OWS the

Nilnblls-7/l!;lil  ~ total irradiancc.



(,o }li~,llcl  ACIU M 11 va]ucs  tl]an l) IYX(HIt(Yl  i I) l“ig. 1 la. ‘J’l]c l]cavy lillc of  l~i~,. 1 IC sl~ows

tl)c 81-day mnllillg  lncalls of tllc Nimbus-7  /l{;l{l~ data. A s  call be sccli f rom 1+’ig. II, t,hcr[!

is a rca,sol]ably  good agrccmcllt  bctwm] the observed a] ld cstil]latcd  irradiallcc  va] ucs for t,llc

dcclil)illg  lmrtion  of solar cycle 21 aud Lhc rising portion of solar cycle 22 as well  as for solar

IJlillilnuln. 1 Iowmwr,  tlw regression  models lmsm]tfcd i]) Fig. 11 undcmtimatc  the olmrvcd

irradiallcc  cllallgcs  at the maximum of solar cycle 21, similar to modc]s based oll tlll(! Ca 11 K

i)ldcx, IIc 1 lillc at ) 083 Jl]n and the 10.7 CIJ] radio flux [7,21 ,54,55]. At tl)c maximuln  of solar

cyc]c 22, tl)c l)mdictjcd  irradiancc  values also ulldcrcst,ilnatc tl]c N7i1111.)lls-7/l{;l{l  1 irradiallcc  as

w(!I1 as tl]c AC]{,] M 11 valu~!s wlicm tllcy  arc scalc(l  to the A[;lll  M 1 lCVCI  by ~JlcaI1s  of tl]c higl)cr

a(ljustillp, factor  [1 4]. III c.ol)t,rastl, using t,}l(: lower a(ljusLil}g  fi~ct,or  (1 .001 15) [1 6], tll(! ~m’dieted

and “]]]casurcd’) irradia.  ncc va]ucs matcllcs cacl] otJ]cJ. quite  wcl].

It has Im!l) a long-debated (al]d still unresolved) issu(! wllctllcl  the ullcxl)laincd  variability

at solar lnaxilnuln  is rc!latml  to illstrulnc,lltfal (! fi”ccts  [21 ], ullc(:rtainty  of tl]c  data and  lilnitfat)iol  J

of t,l]c II]oclclillg  tmlluiqucs [54,56,57], aud/or it rclncscnts  real variability rclatd to additional

solar cflcc,t,s,  such as surface t,cmpcraturc  chal]gcs  [20,29], radius chang(!s [58], alld/or  large SC,ill(!

lt lIas lxxn  suggested that

ill 1 W() was simldy related

the discrc~ )al]cy Wwccn

to the dcgradaiion  of LIIC

of jk operation [21]. } lowcwcr, the di{lk.rcncc  bctwmm the A (X U M 1 total  irradiaucc  and its

r(yycssi(n) Inodcls was about 300 lqnn for 1980, whic]l is almost one third  of tllc peak-to-

~wak ;rradialic,c  cha}lgc obsmwccl during  solar cycle 21 [1 3]. ‘1’hc clcg;radat;oll  of the ACIUM

1 radiolnctmr cnm its 9.5 years oJmation  was 600 })l)]n, wI] ich was corrcctcd  to a 50 p}Nn

level t,llrough  t,l]c so-called “phase  opmational  mode” of the tlirc!(!  cavities of the ACIUM I

. illstrulncllt  [1 3]. Note that  the degradation of t,llc  racliomct(!m is primarily caused by their

exposure to high  cncrgctic  solar fluxes, such as I’JUV, UV, and pa.rtic]c fluxes. ‘J’o control t}w

14



c]cp,]’:i(];~t,io]], t]]c AC]{] h4 instrulnc!llts  consist of’ t,lltct:  cavities. ‘J’llc swcallcd  “~)ril]lary c,al’ity”

ol)swvcs tl)c Sul) collti]luously,  whcmas tllc two otlllcr  cavitlics arc cx]mscd to the solar radiatio]l

only frol Il Lilnc to Lilnc. IIltclcollll)alisc)ll  of’ tll(! ln(!asurcd irradiancc  values by tlllc  l)rilnary  a]ld

“back-u])” cavities makes it l)ossil.~lc  LO ]ninilnim the dcg;radatioll  of the i~lstrulnc]]i-  [4, ] 3,] 4,:)]].

‘1’l]c]cforc,  t,l]c OIMCIVC(l  300 ])p]n diflkrcllcc bCtWCCII  tllc Incasurcd and ]noclc](!d AC]{] N4 1 di~t,a

during  1 WI is well-above tlllc “calibatcd  “ dcgradatiol] of’ tllc AClilh4  1 i~lstmlncnt,.  1 II additio~],

tlllc NilI1l)lls-7/l’;l{,ll radiolnctj{!r, durin?, tfllc sccoI]d year of its olmatio]l,  sl]owcd tllc sall]c trmld

a s  tllc ACl{lh4 1 i~lstrulnc]lt  for 1980,  illdicatin?;  tha t  tllc discrclmllcy  lwtwccl)  tllc (Istilnai (I(1

al]d II]casurcd  total  irradia])cc is a rca], lat,llcr tjllal)  illstlllll lcl)tl:ll,  cfl”cct

lJl)foltlll]:it,clJ’, wc do I]ot IIavc adequate k]lowlcdgo  al)out t,hc variations i~l total  solar ir-

radiallcc  at t,llc lnaxilnum  iiln(! of solar c.yclc 2’2. ‘1’lIc {)1.)s(:l~~:~tiol)s  of tl]c Sh4M/ACl{l N1 1

radiolnctcr  cl]dcd its olmatio~l  just b(!forc tllc nlaxil)]un~ of solar cycle 22 al~(l t,l~c A(;I{l M 11

ol.)sc:li~:~t,io~)s”  started allnost  two years after the dc~llisc  of tl]c Sh4 i14 satellite [1 4]. As ill~lstraied

ill l“ig. 11, jt is IIot obvious IIow to scale tllc AClllh4 1 a)]d ACILIM 11 data to tl)(! saIIlc ICVC1

and what is the accuracy of this proccdurc. It has  bee]) snow]) tl]atf al] 0.4 W/?n2 u]nvard

drift occurred ill the hTinlbus-7/131Ll~  data in the t,im(! fralnc of &!J)t(!lllbcr and octol)c!r, 1989,

Wllic]]  was followed by allothc~  dlift, wit,l~ a simila]  am}) litludc bctlwcm 1990 a~ld 1993 [60,61].

‘J’l)c Nill-ll)~ls-7/I’;lt13 data have not yet been corrcctcd  for tl]csc drifts, which may m~)lain  t Ilc

diffkrcncc  bctwccnl the two adjusting factors [14,16] and L1lC diflkrcnt,  lCVCIS of the ACl<lh4 1 I

data lnmcntcd  in l“igs. 11 a and 11 b, rcs]jcct.,ivcly.  It Inust bc undcrscorcd,  0]] tllc otlhcr llalld.

that  (1) tl]c lar{gc  uncertainty of the A(!IU hl 1 data during  t]]c spi71  0pcIntio7101  7I1o(Ic of Shl h!

[w], (2) the obvious discrepancy  bctwccu  the ACILlhl 1 and lH{II data duIi7Lg  solar 711ZTLi7rIu7n

[1 6], ii]]d (3) tJIC ‘(Z?IVCTSC  dcgduiion”  of the ACIUM 11 jnsttumc~lt [14] furtl]cr  coln])licatc t l]c

calculation of t}]c correct scaling factor bctwccn  the ACI{IM  1 and ACIUM 11 ~~lcaslllc]~l{:llts.

l“i~lally,  the }’lil IS instrument pcrfmms  observations only on a biweekly basis [1 5,60], tl]mcfore

tl]c I’;IUIS total  irradiancc  variability may bc l)igh]y cfi’cctcd by the cfIict  of Sunslmtls, csp(!cial]y

durillg  solar maximum. ‘1’his may introduce additional u]lccrtaintics  i~lto the adjustnlcnt  of tllc!
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UAl{S/ACl{l  M 11 data to tllc SMh4/ACIUM 1 ICVC1.

~. ~. ~. ]iifllitkit?i?l Oj t}l,t! ]1’1’O(hlW Mo(kh

1 lcsidcs Llk(! instrumcnta]  problmns al)d.

also col)sidcr tl)at the empirical modc]s fail

solar at,lnosl)llcrc  responds to the ljmscncc

the dcscribcxl  ullccrtaintics  in tllc data,  wc Inust,

at solar maxilnum bccausc of a change in how the

of strong ]nagllctic fields sustained over the 2 3

years of solar I)laxilnul]]. ‘1’lIc clnl)ilica]  l(:glcssioll  ]nodcls  derived fro]n full disk surmgatcs

of’ total  irradim]cc  provide only a gcl]cral ill forinatio]l 0]1 tlh(! observed irracliallcc  variations

and tllcy arc co]]trollcd  b<y t)l]c asccl)dil}g and dcsccl)dillg  I)hascs of’ tllc solar cycle and IIot ly

tlIc lIIutual l)cllaviour  of tl)c various lncasumncl)ts  duril]g  solar maximum [56]. 111 addition,

(fl IC (Iill)c series of solar irradianccs  citllcr space-borllc or groulld-l)ascd surrogates can bc

rc~,ard(!d  as “l)s(:ll(lo-l~cric)clic’” signals with variable spectra] ~mo~)crtics  (e.g. cha]igc  of l)criods,

all}l)litfudcs,  and l)l]ascs) [36,61]. ‘J’l Icrcforc, it ]I]ay bc that wc do not llavc tllc sal]]c clnpirica]

tl:illsfolll):ltiolls”  bctwcm]  total irradimcc  al]d its surrogates, such as tl]c Ca 11 K, 10.7 mn radio

flux, IIc I lillc at 1083 I]]n, and the Mg c/w ratio at solar IIlaximum  as during  the l)crioc]s whc]]

tl]c! clllcrgillg  magnetic flux is both low a~ld changing stcadi]y at the beginning and the cnd of

tllc solaI cycle [56]. As SIIOW]I by the rcsu]ts of SSA (1~’igs. 6,7), th(!m arc many oscillatory

CO]II1 mllc]lts ill total solar irradiallcc,  wllcrcas tll(!  Current< cmJ~irical  moclcls arc based only on

tl)r(!(!  co~lll)oncnts:  th(! quiet Su~i, active regions and tllc mag]jctic network com~)oncnts.

11] additioll  to tlhc silnp]icity of the currently usccl lnodclil]g  tcchlliqucs, mlc of tllc largest

olwtacl(!s  of lnol)cr  irradiancc  lnoclclil)g is tllc lack of lollg-term aclcquatc  s~)atially  resolved data.

‘J’l]c irradiallcc  lnollit,oring  cxl)cri]ncnts observe tllc Sun as a star, tllcrcforc they cannot rcvca]

tll(! ulldcr]ying;  l)hysica]  mcc]lanislns. ‘J’o idclltify the causes of the observed irradia~lcc  changes,

O])C needs to study big]) resolution and IIigll precision solar ilnagcs. ‘1’hc largest constraints in

irradiallcc  lnoclcling  is the poor record of tllc photosldlcric  faculae. 1 lccausc of this, the cflcct

of facu] ac is lnodclccl  by chromosldlcric  surrogates , SUCII as t,h(! Ca 11 K IJagcs, Mg c/w ratio,

IIc 1 lillc at 1083 nm, 10.7 cm radio flux, although ]norc than 90% of the total solar flux is



clnitltcd  fro]n tl)c ])l]otosl)llcm. 1 lmw!l’cr,  Il]c colivcrsiol)  factor  l)ct\\w:]I  tlIc  area a lId illtcl)sil)

of’ ])]lotosl)]leric fmu]ac! aIId Chrolnos])]]cric ])]agcs is not know]],  I]]c Cclltcl’-to-]illll)  bchaviour  of

t]]c co)lt,ra,st  of wl]itc ligl)t facu]a(:  is quite diflcrcni tha.11 tlla.t of tl]c l)lagcs [62]. ‘J)hc variability

of tllc 1 lc-lil)c allcl  tl]c 10.7 con radio flux is rather complex arid both indices have com~lal

contributions which arc not prcsmt i~} total irradiancc  [63]. About 15% of the variations in t,hc

Ilc-li I]c is rclat,(!d  to dark filamm]tfs  [64], and tllc cfItictj  of filall]cllt$s  is also ))rcscnt in the Ca 11

1< aIId hflg 11 lillcs. A considerable variaticn)  of tl]c 10.7 CIII  radio flux is rdatd to tl]c st,ro~)g

II)a:,l)ct)ic  fields of sulls])ots,  cslmcial]y during  l]ig;l] solar act)iviljjr  collditiolls, w]lcrcas anot,llm

lmrtf is dl]c to tl]c c! fi’cct, of’ wcakc!r fields of l)lag(!s [63]. 11] addit,iol)  to tl)c colnl)lcxit,~~  of’ {Ihc

variations

about,  t!l)[!

clla~)~cs.

ItJ also

of these illdiccs,  tllcy arc full disk illdiccs, tjllcrcforc  tl]cy ])mvidc I)o illforll)atioll

tclnpora]  and sl)atial distributlioll  of various IIlagl!(!tic feat urcs causing i rradiancc

]nust b(! ~lot,cd that  tllc t(!rln of I,I]c actiw! IIctwork is too ]argc! and Ilot, W(:ll-dcfirlcd

al]d its contribution  to irradiallcx!  cllallgcs has IIot be idcntiflw]  quant,  itativcly. 11) additjio]l,  t,l]c

quictl-Sull  colnponcnt  still lnust bc separated. It is not yet clca~  wl)(!t,llcr t}lcm is a slow secular

cha~]gc botl) in the IIctwork and/or globally ill the Sun [56]. As mcmtionml  bcfom, tllc sunspot,

modc]s USC(I  ill irracliancc lnoclcling  have also considerable constraints, such as tllc lack of high

l)mcisioll  lll(:aslllcl~~cl~ts  of t,lle area and position of sunspots; tl]c inaccmrat,(!  knowledge of the

cllangc! of tllc contrast of sum}mts as a function of Lhcir cwolutio]l and the solar cycle.

4 Conclusions

Mcasurcmmlts  of t,hc solar cmcxgy output a]lcl llll(lclstall(lill~;  its variability arc cxtrcmc]y  iln-

lmrtant  since t}lcy  provide information about the })hysica] })roccsscs in, below, and above t,llc

solar ~dlotosldlcrc.  (3M tl]c otllcr hand, tll(! tcm!strial  implication of the changes in the solar

Cl(!ct,rc)lllagl]ciic  flux is essential, since the major  portion of tllc solar energy output rcachcs the

tm)lmllcrc  and the l?arth’s surface and occalls,  and its long-t,crm challgcs  may bc rcsl)o)lsible
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for S]OW c]imat,c c] IaIIgcs SUC]I as ])roduc(!d t}Ic ] ,itt]c ]CC Ages. ‘1’hm!for(!,  loI)&t!crIJ”l  all(] hi?,]]

l)r(!cisioll  IJlcasumncnts  of’ Lotal  irradiancc  am cssm]tial to study  and undmt,and  t,llc  climat,c
,

illllmctf of solar irradiallcc  variability.

h9(:asll~(:Ill(:l)ts  of total  irradial)ce  froln space over tile last two dccad(!s convil]ccd the skcl)tics

tllal-  tl)(! solar cIJcI&y outln]t  is IIot constal]t  but it varies over a wide rallgc of pcriodiciiics,  and

~]lost  of’ t,llc observed changes arc associated with t,l]c solar ~nagllctic  activity [6,7,8]. Although

(:ollsi(l(ll:ll.)1(:  il)forlnatiol}  c!xists 011 solar irradiancc  variability, tjllc ul]dcrlying physical ~)roccsscs

:Irt: llotl y(:tl ulldcrst, ood. 1 lccausc of tlllc lack of’ qual)tfitatjivc  IJlysic,al II]odc!]s of total irrac]ial]cc

valial)ility, ollc has to rely on cll]l)irical lnodcls dcv(!lolxx]  fmn surrogates of solar map;nct,ic

activity. 11 owcw!r, ollc IIas to kcc]) ill Inilld that  t,hc ]d)ysics of tlllc fomatioll  of the s o l a r

radiatjio]] illtlcgratcd  over the entire sl)cctrum al)d tllc used magnetic surrogates is IIot}  idcntlical,

[h7] wllicll is less tl)al) suflici(!llt to rccolwtrud  and predict lollg-t(!rm irradiancc  chal)g,cs lmd

011 tlIc curmlt  cln])irical  IIIod(!ls of total  irradiancc,  (!s})ccially  back to th(! time of the hflaunclcr

h~illi~l)ulll.

LJ1lfolt~lll:~t(:l~’,  tllc current irradiancc  database dots not llavc either t,hc long-tmn  prccisioll,

wllicll is rcquirm] to study the solar induced clilnatc  changes. As (icscribcd  ill this ]ml)cr, th(!rc

arc ]]() accurate IIl(:asIII.(\I IIcIIts  of total  irracliallc(!  at tllc Inaxilnunl of solar cycle 22, ancl  no

correct l)roccdurc has been dcvc]opcd  to adjusting tl)c Shl M/ACIUM  1 and UAl{,S/ACRl M 11

tilnc series. ‘1’hcrcf’ore, in sl)itc of the fact that the sl)acc-borne irradiancc  observations cover

al IIlost t~vo solar cycles, t,lIcsc nlcasurcmcnts  do not provide sufficient information to establish

two (Ixtl”c]lla  of tllc

tcrrcstria]  clilllat(!.

l“illally, it lnust

activity cycle which arc the Inost dctmnining  factors in the challgcs of the

bc cmphasiz(!d  tl)at  global  cflkcts, such cha~lgcs  in tllc difIcrcntial  rotation

ill tllc solar illtcrior,  a solar dynamo ma,g)ctic field

al Id/or large sca]c convective cells Inay also IModucc

18

near the bottom of the convective zoIIc,

long-term changes in the solar luminosity



[8]. If that is tl,c case, wc! wi l l  IIOtf I)c al)lc 110 rcl)rodl]cc  t,l]c Chal)gcs  ill iota] irradiallcc  froln

tJlc surface I[]allifcstjaticnls  of solar ]nag]]ctic  activity. obscrvat,io]]s of global  solar ~)aranlc,t,crs,

suc]l as tJIc solar dial IlcLcr aIId tllc frcquc])cy chaIIgcs of solar ]k]no(le oscillai, io]ls Inay ))rovidc

additliol]a]  tool to study allcl ullclerst,alld irradiallcc  c,llalgcs. Howcwcr, as dcscribcd througlloutl

this  palm, thcm is more than cnoug]]  cvidwlcc  that  neither theory nor the empirical models

call rcl)lacc  dircctf irradiallcc  lJICaSU1’CIIICllk. ‘1’l]cmforc,  to colltfinuc  the direct, t]]]il]tfc]]~]])t,c[l

okrvatlions  of total inadia])cc  with l)igl]  ])rccisioll  a]l(l  accuracy is iucvitfablc  il) t,l]c following

(lcca(lcs.

A cl;rt C)TIIlC{l~j~:TIICIII.~: ‘J’11(: IcscaIdI  dcscri[)c(l  i]) il)is ])al)u  w a s  carric(l out, by tl)(:  lJ])ivcrsity

of  Ciilifo]])ia  aud t,l]c Jc!t 1 ‘rol)ulsio~) 1,aborat,ory, (;alifomia  IIlst, it, utc of’ ‘1’cclll]ology  u])dcr a

cmltract,  with the N1atiol]al Acrcmautics  and Slmcc  A(ll I]i~listl’atioll. ‘]’hc Sh4h4/ACl  Llh4 1 a])d

11A 1{ S/ACl{l  M 11 data us(!d i]] tl]is study l]avc lxx:])  l)roduccd  by t,llc Active Cavity 1{.adiol  nc-

tcr lmidia])cc!  Mc)nitorillg  Groul) at J]’], al]d hav(! lmcII l)ul)lisll~!d  i~l t,hc NTOAA/Wl  )C S o l a r

Gco})llysical  l)ata  Catta]ogu(!. 'I`ll(: Ni111blls-7/l`;  lil)(lat:l]  ~'(!r(!l  {il](llyl  )ro~~iclcd  by l)r. 1). IIoyt,.

‘J’llca~lt,llo~cx])lcsscs  llcrglatitLldct  otl]cclltircS ()}l()/Vll{[;O Scimlcct  cam fol~)rovi{lill~~l)(:”

first VIIW() results for this paper. ‘J’IJc author  acknow]cdgcs  the NASA /GS}”C ozone 1 ‘ro-

ccssin!; ‘J’ca]n  (O1’rJ’) for the Nilnbus-7 Sl)lJV/1  data and the NOAA/NI{;SI)lS for the Sl)(J\~/2

data, wl)icl) were kindly ~n.ovidcd by 1,. ]}uga. ‘J’hc NS()/Kitt l’cak llc-lillc nlcasurcmcllts  arc

l)roduccd co-ol)crat,ivcly  by iNSF/NOAO, NASA/G  Sk’C, and NOAA/S1’;I, and were provided

l)y court,csy  of 1 )r. J. 11 arw!y. ‘J’hc uscfu] con]]nmlts  of S, IIaliunas,  It. II(!lizon, 1). l’arkcr,  IL.

lJlricll,  1“. Varadi, . . . . arc highly apprcciatcc].
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